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The noise due to various sources in the deep space optical channel with a space-based
receiver is analyzed. It is found that the worst case conditions occur during the encounter

phase with planets,

l. Introduction

The DSN is currently considering optical frequencies for
deep space communications. The basic parameters of optical
communication systems are reviewed in Ref: 1. It is clear that
a comprehensive understanding of the various noise mecha-
nisms existing in the channel must supplement any system
design.

It is the purpose of this article to discuss the effects of the
noise in the optical link, In the following it is assumed that the
receiving station of the link is located in space. This seems
almost a necessity if one wants to utilize the potential advan-
tages of optical communication. When the receiving telescope
is located on earth, additional disturbing effects must be taken
into account. Those are not considered here, and can be found
elsewhere (Ref. 2).

Il. Noise in the Optical Link

In this part we analyze the noise mechanisms that exist in
the deep space optical link. First we consider the noise that
exists in the channel, i.e., background photons in the propagat-
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ing medium. Then the various noise components in the
receiver are reviewed.

Assuming that the receiving telescope is located in space,
the three main sources of noise in the optical region (from UV
to IR) of the spectrum are:

(1) Zodiacal light (ZL).

(2) Integrated star light (ISL) from our galaxy (the “Milky
Way™).

(3) Noise from planets in flyby encounters.

The first two sources are spacially continuous. The third
source, and noise from other similar sources (i.e., bright stars),
is discrete. Less important noise sources are from diffuse
galactic and extragalactic contributions. At certain wave-
lengths the background radiation can be very much higher due
to the existence of specific atomic transitions. However, the
number of such strong lines is very small and all of them lie in
the UV region.




If the receiver is located on the earth, then, in addition to
atmospheric attenuation, there will be noise due to airglow,
scattered sunlight, moonlight, and other scattering phenomena
in the atmosphere. These effects will not be discussed here.

A. Zodiacal Light (Refs. 3, 4, 5, 8, and 9)

Zodiacal light is sunlight reflected by interplanetary dust. It
has both spectral and spatial features. In its spectral depen-
dence, we distinguish between two regions. For wavelengths
shorter than about 3 um, the spectrum is similar to that of the
sun, i.e., a black body at approximately 5700 K. For wave-
lengths longer than 3 um, the spectrum is mainly due to
self-thermal radiation of the dust (i.e., similar to a 500 K black
body). The spatial features of the zodiacal light are due to its
distribution in the solar system (a disk in the ecliptic plane,
about 4 AU in diameter and about 0.5 AU in height) and due
to the angular dependence of the light scattering mechanism.

Table 2 of Ref. 3 contains information about the amount
of zodiacal light for different directions of observation. The
data in that table is for A= 5500 A, and the results should be

divided by a factor of two when applied to our case (i.e., -

A~ 0.8 to 0.9 m). Figure 1 presents the results for the most
common case, which is operation in or about the ecliptic
plane. As an example, for € =90 deg, which is a typical case
(the meaning of ¢ is explained in the insert of Fig. 1), we
obtain n, ~ 7 X 108 ph ~s!+em? +m™! - s, Fora
possible system design (which assumes the Large Space Tele-
scope (LST), as the receiving antenna, a 2-urad detector field
of view and a 10 A optical filter in front of the detector), this
translates to about 10~2 noise photons per second.

B. Integrated Starlight (Refs. 3, 6, 7, 8, and 9)

Integrated starlight comes from direct starlight and from
starlight scattered by interstellar dust. As zodiacal light, inte-
grated starlight also has spectral and spatial features. For
wavelengths shorter than 0.4 um, the spectrum contains some
yet unexplained details, with an apparent minimum wave-
length in the 0.2 to 0.3 um region (n) ~ 108 ph- s71 .
em~?2 » ym~! « sr71). For wavelengths longer than 0.4 um, the
spectrum is similar to that of a star that is somewhat hotter
than the sun. The amount of noise is maximum in the galactic
plane, and is about one order of magnitude lower at high
galactic latitudes. A typical maximum value near the galactic
plane is about ny ~10° ph+s~! - cm™2 + ym=! - 5! at
0.9 um. This is about the same as that for zodiacal light.

C. Noise from Planets in Flyby Situations

When a spacecraft carrying an optical transmitter is in the
encounter phase with a planet, the main source of received
background noise is sunlight reflected from the planet. The

irradiance £ at the receiving aperture plane is given by
(Ref, 10):
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where
_ 17 ph N
Hy = 4.5 +10 at 0.9 um (sun irradiance
sec * cm? + um
at 1 AU)
Py = geometric albedo of the planet (related to the reflec-
tion coefficient)
R P = sun-planet distance, AU
R = EBarth-planet distance, km
Rp = Planet radius, km

Relevant data for such calculations appear in Table 1. (We
assume R =R, ') The last column of Table 1 presents the
results for the amount of noise photons per second that are
received in the system described earlier in this section. The
detailed dependence of the amount of noise photons collected
on the receiving telescope field of view is shown in Fig. 2,
which also includes, for comparison, the noise due to the
following sources:

(1) Noise from the sky; we have this noise when the
receiver is located on earth (daytime and nighttime
conditions).

(2) Noise from the zodiacal light and from the integrated
starlight (considered in the previous sections).

(3) Noise from a weak star (m,, = 6) in the field of view.

We can conclude this section by saying that when the
receiver is located in space, the dominant noise mechanism is
the background noise of the planets during flyby encounters.
However, this noise is still much lower than that for daytime
reception with earth-based telescopes.

lll. Noise in the Optical Receiver

In this section we will calculate the total amount of noise in
the receiver. Again, we will assume that the optical receiver is
composed of the large space telescope (Ref. 11) followed by a
quantum detector. The telescope aperture is 2.4 m and the
detector field of view is assumed to be 2 urad.
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A block diagram depicting the major noise components in
the receiver is shown in Fig. 3. We will follow this figure in
calculating the magnitude of the noise components.

a. N, is the background radiation. Taking a Jupiter {lyby
as an example, we have (see Table 1) about 2 * 105 ph/s at the
detector faceplate if we put a 10 A filter in front of it. (The
results scale linearly with the filter bandwidth.) The back-
ground radiation is about three orders of magnitude lower in a
Uranus flyby.

b. N is the stray light from the sun. Due to departures
from the ideal in any practical telescope, some amount of light
that is not admitted in the designed field of view nevertheless
reaches the detector. From the specifications of the Large
Space Telescope (Ref. 12), this noise is about 103 ph - s71 -
em™2 « ym~1 -« sr71 at 0.9 um, which gives a negligible contri-
bution to the total noise.

c. N, is the thermal noise from the telescope body,
roughly given by

1.54 - 104

N, =A4:2r+A\-9.1-10%2¢ T = (2

at A =0.9 um, where 4 is the area of the detector in cm?, A\
is the optical bandwidth in A, and T is the telescope tempera-
ture in K. We assume that the detector sees the telescope body
through an angle of 2n sr. For 7= 300K, AA=10 4,and 4 =
1 cm?, we get about 50 ph/s, which is negligible. We note that
because of the exponential dependence of V,, on the temper-
ature, relatively small changes in T can cause huge changes in
N, . For example, if T is increased to 400 K, IV, increases to
3+ 107 ph/s, which is no longer negligible.

d. N, is the total noise at the output plane of the receiving
telescope. The worst case conditions are during flyby encoun-
ters, in which case NV, = N,. In other situations, ¥, can
become the dominant component (but this case can be
avoided by cooling the detector and restricting the angle at
which it sees the telescope body (Fig. 4)).

e. N, is the Cherenkov noise due to cosmic-ray activity at
the vicinity of the detector (Ref. 13). The basic mechanism is:
A high-energy particle enters the photomultiplier faceplate,
and photons are emitted and detected by the photocathode.
As a rough order of magnitude, the cosmic ray flux above the
earth’s atmosphere is 1 particle/s-cm?2, and each particle emits
about 100 photons. For photomultipliers with 5-cm? face-
plates this amounts to about 500 ph/s created at the faceplate.
Due to geometric considerations and other design procedures,
the number actually detected by the photocathode can be
reduced by about an order of magnitude. Furthermore, the
resulting noise event due to one particle is expected to be a
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single strong pulse, followed by a few smaller pulses. One
could conceivably detect the presence of such an event and
partially, if not almost totally, remove its effects.

f. N, is the noise due to photoedetector dark current. Every
dark-emitted electron is equivalent to l/np noise photons,
where n_ is the photodetector quantum efficiency. (In the
near infrared, photomultiplier tube (PMT) quantum efficien-
cies are about 4% at 0.9 um, 18% at 0.85 um, and more than
20% at 0.8 um. Operation around 0.85 um is probably the
most practical due to the availability of laser sources.) The
main cause of the dark current at room temperature is therm-
ionic emission, which for typical near-infrared photomulti-
pliers is about 104 to 105 dark counts per second. This
number can be reduced by 3 orders of magnitude by cooling
the PMT to about -20°C. An estimate for the photocathode
dark current per unit area can be obtained from the Richard-
son’s equation (Ref. 14):

By

I,=120T%¢ *T, A

2

€)

cm

where E,, is the photocathode work function (1.38 eV for
GaAs). Due to the exponential dependence on the tempera-
ture, thermionic emission is negligible once the PMT has been
sufficiently cooled.

Other causes of dark current are ohmic leakage, secondary
electrons released by ionic bombardment of the photocathode,
cold emission from the electrodes, and light feedback to the
photocathode. These contributions can be neglected in most
practical cases.

g. N, is the total number of noise photons at the output of
the detector obtained by summing the contributions of each
noise source. It is important to note that by using a photo-
detector with high internal gain, one can design the system so
that white thermal noise (of the form 4KTB) is not an impor-
tant noise factor.

IV. Conclusions

In the preceding sections we have surveyed the various
noise mechanisms that exist in the link, From the system’s
operation point of view there are two very different situations.
The first occurs during flyby, where the number of noise
photons is of the order of 105 ph/s (Jupiter and Saturn flyby).
The second is not during encounters, where the limiting factor
is noise due to other mechanisms, for example, Cherenkov
radiation. An intermediate situation is flyby near the outer
planets (Uranus and beyond).
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Table 1. Data for calculating flyby noise from the outer planets

Linear Approximate  Approximate number
Approximate  Radius Fov Geometric photon of noise photons/s
Planet distance from R, from albedo at flux E,\ at (LST receiver, }O-A
the sun R P& AU km earth, 0.9 um Py 0.9 um, ph optical filter, 2-urad
prad s-cm2-ym detector field of view)
Jupiter 5 71,000 200 0.33 5107 2.10%
Saturn 10 60,000 90 0.33 4. 1008 9 - 104
Uranus 20 26,000 17 0.05:0.05 4.+103 4.102
Neptune 30 25,000 11 0.05 £0.05 8 - 102 9. 10!
Pluto 40 3,000 1 0.15 +0.1 110! 5-10!

3This is an average value; the exact contribution due to the rings must be calculated separately for

each case.
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Fig. 1. Zodiacal light photon radlance in the ecliptic plane
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Fig. 2. Background noise radiance vs optical detector field of view
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Fig. 3. Block diagram of noise mechanisms in the optical link
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Fig 4. Schematic configuration for noise calculations. The detector
““sees” the 'background noise coming from the angle (,, and the
noise due to the telescope thermal radiation coming from the angle
Q,. With a proper design, one can obtain (0, << 2sr.




